Abstract: This paper presents two extended cavity diode laser tuning schemes, implemented using blue diode lasers, the first allows long mode-hop free tuning ranges (>110 GHz), whereas the second allows very high scan rates (>10 kHz).
Introduction
By careful use of optical feedback techniques it is possible to achieve a tunable narrow linewidth laser source based on Fabry-Perot (FP) lasers, which are available at a wide range of wavelengths. A simple implementation of this idea is the extended cavity diode laser (ECDL), in which the first order diffracted beam from a grating mounted in the Littrow configuration is used for feedback [1] . Such ECDLs have been employed extensively for both fundamental and practical spectroscopic research. In this paper two novel extended cavity tuning schemes are presented, which are implemented using blue diode lasers. The first scheme allows long mode-hop free tuning ranges (>110 GHz), whereas the second scheme allows high scan rates (>10 kHz). The performance of both schemes is demonstrated with fluorescence spectra recorded in atomic indium seeded into flames.
Wide tuning range extended cavity GaN diode lasers
For continuous ECDL wavelength tuning several parameters must be tuned in synchronization. When rotating the grating the feedback wavelength profile shifts, and to avoid mode-hops the laser modes must be shifted at the same rate by adjusting the cavity lengths, thus preserving the overlap. Normally the grating is mounted on a lever arm, which is rotated around a carefully chosen pivot point to preserve the overlap between the extended cavity mode and the grating feedback center wavelength during wavelength scanning. However, it is also possible to use a multipleactuator optical mount to achieve the same relation between grating rotation and translation during tuning [2] . The advantage of this approach is that the requirement for accurate mechanical positioning of the pivot point is replaced by a simple balancing of the electrical signals driving the actuators. Furthermore, the two resonant optical fields in the diode chip Fabry-Perot (FP) and extended cavities must be kept in phase. By modulating the diode injection current, and thus modulating the effective diode cavity length, in synchronization with the extended cavity tuning, it is possible to match the diode FP and extended cavity modes [3] . Using this method, standard off-the-shelf diodes without any requirement for custom made anti-reflection (AR) coatings can be used, resulting in low cost ECDL systems. Here we report on the successful development and application of a method which combines the advantages of multiple-actuator reflection-grating-tuning and synchronized injection current modulation, to achieve wide modehop free tuning of a Littrow configuration ECDL based on a blue GaN diode.
The diode lasers used in the ECDL system were commercial multi-mode FP GaN devices (Nichia Corporation) operating around 410 and 450 nm, with maximum power ratings of 30 and 5 mW, respectively. The Littrow configuration extended cavity (l=25 mm) was constructed from commercially available components, see Fig 1a) . The diode laser was mounted in a thermo-electrically controlled laser diode mount. An aspheric lens was used to collimate the output beam from the laser and a holographic 1800 l/mm grating was mounted in a piezo-electric kinematic mount, which incorporated three piezo-electric actuators, permitting full rotational and translational movement of the grating. The laser current and temperature were controlled by low-noise laser diode drivers. A three-channel piezo-electric driver was used to control the displacement of the piezo-electric actuators of the kinematic mount. A signal generator was used to generate the waveform which controlled the ECDL scanning. The signal generator output was split into three identical waveforms with independently adjustable amplitudes, which were used to modulate the piezo-actuators and the laser diode current. Figure 1b) shows an interferometer fringe pattern corresponding to a 110 GHz wide scan of the 450 nm ECDL. Both FP etalon transmission traces have been normalized by the simultaneously recorded laser output power, which is also shown. The scan was accomplished by simultaneously modulating the piezo actuators a and b, and the diode injection current I, at precisely adjusted ratios as described in detail in Hult et al. [4] . For the 410 nm ECDL a maximum tuning range exceeding 90 GHz was observed. As a comparison, previous ECDL designs employing ARcoated GaN diodes have achieved a continuous tuning range of around 50 GHz, whereas uncoated diodes have achieved continuous tuning ranges in the range of 10-25 GHz. To achieve the 110 GHz wide mode-hop free scan shown in Fig. 1b) both the ratio between piezo a and b modulation, and the ratio between I and b modulation, have to be accurately adjusted. It was found, however, that a wide range of ratios between ∆a and ∆b still resulted in mode-hop free tuning ranges exceeding 80 GHz. This indicates that precise tuning of the grating angle is of less importance to achieve intermediate scanning ranges in the present set-up, where instead exact matching of the tuning of the extended cavity length and diode cavity length is more critical. This is probably due to the relative wide grating wavelength feedback profile employed. As an example of an application of the 410 nm ECDL, a laser induced fluorescence (LIF) spectrum of the 5 2 P 3/2 -6 2 S 1/2 transition in indium, recorded in a flame seeded with an indium salt, is shown in Fig. 1c ) [5] . This transition consists of four hyperfine components, the positions and strengths of which are indicated. Shown are an average spectrum of 200 single scan spectra, a single scan spectrum obtained in 50 ms, and a theoretical fit to the average spectrum. The fitted Voigt profiles yield a pressure broadening component of around 6.6 GHz (Doppler broadening≈2.2 GHz at 2000 K). Note that some of the fluctuations observed on the single scan spectrum are due to local fluctuations in the indium concentrations, it should also be noted that the higher noise levels observed on the right hand side of the single scan spectrum are due to normalization by the lower laser powers at the end of the scan.
High repetition-rate ECDL tuning
For many practical applications rapid tuning over selected features is more important than high spectral resolution. In such applications, tuning rates must match the dynamic timescales of the process to be studied, e.g. >10kHz in a turbulent combustion processes. As ECDLs normally rely on a mechanical tuning, scan rates are limited to a few hundred Hz. The principle behind a technique for rapid current tuning of ECDL lasers is illustrated in Fig. 2 . Using this approach it was possible to scan over a 30 GHz wide frequency range at a rate of 10 kHz [6] . The diode injection current is continuously varied whilst keeping the extended cavity length and the grating angle fixed. This results in an effective change in the FP cavity length with an associated shift of the diode mode spectrum (indicated in Fig. 2a at times t 0 to t 3 ). At t 0 one of the diode modes (shown as a dashed line) overlaps with one of the modes imposed by the extended cavity structure, and thus the ECDL emits single-mode radiation at this wavelength. At t 1 , however, one of the neighboring diode modes overlaps better with another extended cavity mode and the ECDL starts emitting at this wavelength following a mode-hop. Similar modehops may occur at t 2 and t 3 , but at t 3 the original FP mode becomes active again at a frequency shifted by exactly one FSR of the extended cavity compared to t 0 . In the situation shown the spectroscopic feature of interest covers less than one FSR of the FP laser and therefore signal is only obtained at times t 0 and t 3 as the other laser modes (at t 1 and t 2 ) lie off resonance. The experimental spectrum is thus sampled at discrete wavelengths, with the resolution determined by the FSR of the extended cavity (see Fig. 2b ). As current injection tuning can be performed very rapidly, such sampled spectral scans can be obtained very quickly (tens of kHz). An advantage of the technique is that the background is continuously sampled in regions where the laser output is off resonance. This approach then offers rapid tuning capabilities in a very simple fashion using off-the-shelf FP diode lasers and opto-mechanical components.
The ECDL described above was employed, with the extended cavity length increased to 50 mm, resulting in a FSR of 2.9 GHz, whereas the FSR of the FP laser was of order 70 GHz. For the results shown here the FP laser injection current was ramped at 10 kHz using a commercial current controller. In Fig. 2c ) a single scan fluorescence spectrum recorded in 100 µs is shown. For comparison, a high resolution spectrum obtained with the conventional ECDL described above is also shown. In the rapid scan spectrum 12 distinct peaks appear, which correspond to the times when the laser output is in resonance with the indium transition. The peaks are separated by the extended cavity FSR. On resonance, the laser was verified to operate in single mode by performing slow scans over the indium transition whilst simultaneously analyzing the laser output spectrum on a fast scanning FP etalon. As seen there is good agreement between the rapid scan spectrum and the high resolution spectrum. Fluorescence was collected from a region near the flame front, and thus some of the deviations observed between the two spectra are due to rapid fluctuations in the local indium concentration and flame background emission. One way of obtaining spectral information in the gaps between the peaks in Fig. 2c ) is to decrease the extended cavity length from scan to scan. Here this was achieved by use of the piezo-actuator controlled grating mount. As a consequence the positions of the extended cavity modes gradually shift, permitting the sampling grid (mode spectrum) to be "stepped" across the lineshape. An example of this is shown in Fig. 2d ) where 25 individual spectra were acquired for each cavity length before the cavity was adjusted to shift the mode spectrum by 0.5 GHz. The data points show the mean of the peak positions from the individual scans and error bars denote standard deviations of individual peak values from the mean. Spectra were divided by the laser power which decreased approximately by a factor of three across the scan, which explains the increased scatter in the data towards larger frequencies. The excellent agreement with the mode-hop free scan demonstrates the validity of the rapid tuning spectra. Remarkably, the contribution due to laser noise is very small despite the dynamic character of the tuning method employed which relies on laser mode-hopping. An upper estimate from the simultaneously acquired laser output power traces, as well as from separate absorption measurements, suggests that the laser power in each individual mode is repeatable to within 2 % from scan to scan. The maximum tuning range was found to be a function of the current modulation rate due to the finite thermal response of the FP laser to current injection; at modulation rates below 100 Hz the useful tuning range remained constant at around 70 GHz for the present laser which corresponds to the full FSR of the FP laser. Above 100 Hz it gradually decreases, to around 30 GHz at 10 kHz scanning rate, and to around 25 GHz at 50 kHz scanning rate, which was the highest scanning rate attempted here. One direct application of the ECDL systems presented here is for two line atomic fluorescence (TLAF) flame temperature measurements, where two such systems are required to probe two temperature sensitive states in indium at 410 and 451 nm [5] . 
